Abstract. Since the early 1970s, Dr. Raman visited Japan many times and established a good and fruitful relationship with many scientists from universities and institutions in Japan. Many Japanese scientists, in particular young researchers, also worked together with him at Oak Ridge National Laboratory (ORNL).
INTRODUCTION
Dr. Raman first visited Japan and stayed at the Institute of Nuclear Study (The University of Tokyo) in 1973. Since then, those institutions where he worked are the Japan Atomic Energy Research Institute (JAERI), Japan Nuclear Cycle Development Institute (JNC), and Tokyo Institute of Technology (TIT). He also visited many other laboratories such as the Research Center for Nuclear Physics (RCNP, Osaka University) and maintained close friendships with Japanese scientists in various fields such as nuclear spectroscopy, neutron capture cross-section measurements, prompt neutron capture γ-ray activation analysis, and study of thermophysical properties of transuranium alloys.
Dr. Raman was involved in several collaborative programs between Japan and the US such as the USDOE/JAERI Cooperative Program in Nuclear Physics, Japan/US Actinides Program (JUSAP), and JNC/ORNL Collaboration on Neutron Capture Cross Section Measurement of Long-Lived Fission Products. Under these programs, we enjoyed working with him and had the opportunity of drawing on his extensive knowledge and experience for many years.
As an example in JUSAP, JAERI and ORNL conducted comprehensive studies for nuclear data measurements and evaluation of actinides and the development of minor actinide contained fuel. For these measurements, JAERI needed high-purity actinide isotope samples, such as Pu, Np, Am, and Cm for reactor physics and sample irradiation experiments. Dr. Raman helped us to negotiate with DOE to borrow these valuable samples. After the formal agreement between JAERI and ORNL in 1988 to jointly carry out actinide studies, it took twelve years to complete the chemical analysis and numerical evaluation of analyzed data. During this period, Dr. Raman visited Japan every year to discuss the results obtained at that time. These discussions were a very powerful incentive in completing the project.
JAPAN ATOMIC ENERGY RESEARCH INSTITUTE (JAERI)

Japan/US Actinides Program
JAERI has been developing technologies for partitioning and transmutation of long-lived nuclides in high-level radioactive waste since the mid-1970s. These activities cover the development of a partitioning process, the design study of a dedicated transmutation system, the development of a highpower proton accelerator, nitride fuel-cycle technologies, and basic research on nuclear and fuel properties [1] . JAERI has developed the concept of a double-strata fuel cycle in which partitioning and transmutation are carried out in a dedicated and smallscale fuel cycle attached to the commercial fuel cycle.
Two types of dedicated transmutation systems have been proposed: an actinide burner fast reactor (ABR) and an accelerator-driven subcritical system (ADS). In both systems, the major nuclear fuel materials are MA nitrides. Therefore, in these dedicated systems, reliable neutron data of MAs are required to design a safe and reliable system. As described before, JAERI and ORNL created a research service agreement (JUSAP) to carry out actinide studies consisting of three subtasks: (1) a post-irradiation analysis of enriched actinide samples (with irradiated samples, procurement, characterization, etc.); (2) a fission products database (with prompt and delayed neutron yields, etc.), and (3) a thermophysical properties database (with enthalphy, heat capacity, etc.).
(1) Post-irradiation Analyses of Enriched Actinide Samples
For a transmutation study, significant efforts are needed not only to measure nuclear data of MAs but also to evaluate the reliability of existing data by using integral measurements. The effort was conducted using the radiochemical analysis data of the actinide samples irradiated at the 600-MW Dounreay Prototype Fast Reactor (PFR) in Scotland. The irradiation experiments were conducted under a joint research program between the US and UK. The samples were milligram quantities of actinide oxides of 18 different isotopes from uranium to curium. These oxide powders were encapsulated in vanadium holders and irradiated in the core of PFR for 492 effective fullpower days (EFPD).
Parts of the sample solutions were dried and transported to JAERI from ORNL. Irradiated samples were analyzed both at ORNL and at JAERI by α measurements, γ-ray measurements, and mass spectrometry. This independent duplication resulted in the generation of reliable radiochemical analysis data.
In this work, the burnup calculations were also performed, and the calculated data were compared with the analytical data to evaluate the reliability of neutron cross sections of MAs in evaluated nuclear data files. Based on the burnup calculations of major actinides ( 235 U and 239 Pu) and dosimetry samples, the neutron flux distribution and the flux level were adjusted at the locations where MA samples were irradiated.
The rates for these processes were calculated using the ORIGEN code. The cross-section data were obtained from the JENDL-3.2 (Japanese Evaluated Nuclear Data Libraty-3.2) library, and the fission-yield data are from the ENDF-349 library. Experimental and calculated values for both actinide and fission product concentrations were compared. Through this comparison, the adequacy of the existing nuclear data was examined. Nd yields are not well known for these isotopes and are probably overestimated. For these isotopes, measurements to improve the fission-yield data are needed. It was also found that, in general, the JENDL-3.2 nuclear data for the MAs are adequate for the conceptual design study of transmutation systems. But, there are some nuclides (especially 238 Pu and 242 Pu) for which new measurements are needed particularly when the MAs constitute a major part of the nuclear fuel. Two companion papers on this study were submitted to Nuclear Science & Engineering and accepted immediately without any corrections requested [2, 3] . The published results are now used as the variable database for improving the reliability of minor actinide cross sections.
In further studies, burnup calculations with JENDL-3.3, ENDF/VI.8, and JEFF-3.0 were recently performed [4] . It is concluded that, in general, the new results show good agreement again with the experimental data considering the large uncertainties for the FIMA by the fission yield data of 148 Nd.
(2) Fission Products Database
For reactor physics calculations of the transmutation with ADS, JAERI has been interested in nuclear data with fission induced by neutrons incident on MA nuclei. In particular, the data include prompt neutron yields per fission and their spectra; delayed neutron yields per fission and their spectra, half lives, and fractional yields describing the rate at which delayed neutrons are produced in effective precursor groups. The reliability of these data was insufficient for the design and the safety analysis of ADS reactor. Experiments were designed and preformed to determine the number of neutrons emitted per fission for 235 U, 237 Np, and
243
Am in a fast neutron spectrum at the University of Missouri Research Reactor [5] . The delayed neutron data for 237 Np, 241 Am, and 243 Am were also measured using fast pneumatic transfer system at the Texas A&M University TRIGA reactor [6] . The measured yields were compared with major evaluated files of ENDF/B-VI and JENDL-3.2.
(3) Research on Thermophysical Properties and Systematic Study of Alloying Behavior of Transuranium Alloys
In the double-strata fuel cycle concept, MA nitride fuel may be used and processed for MA transmutation with ADS. The higher thermal conductivity compared with oxides gives a greater safety margin in fuel performances. JAERI needs an assessment of the available thermophysical property data above room temperature for the alloys of Np, Pu, Am, and Cm. In addition to the usual thermophysical properties such as enthalphy, heat capacity, vapor pressure, thermal expansion, thermal conductivity, and thermal diffusivity, important information such as solubility, solution thermodynamics, and phase diagrams was obtained under the JUSAP collaboration [7] .
Efficiency Calibration of a Ge Detector in the 0.1-11.0 MeV Region
The creation of an accurate γ-ray detection efficiency curve for Ge detectors and development of a reliable standard with known γ-ray emission probabilities (Iγ values) for a broad range of γ-ray energies) are a chicken-and-egg dilemma (according to Dr. Raman). In order to solve this problem, an efficiency curve was constructed for a large-volume Ge detector located at the thermal-neutron beam line of the JRR-3M reactor at JAERI [8] .
The calibrations for γ-ray energies below 2754 keV were accomplished with a large number of radioactive sources and above 2754 keV with the 12 C(n, γ) and 14 N(n, γ) reactions. This detector and its efficiency curve were subsequently used to accurately determine the photon emission probabilities of γ rays from the decays of Zn(p,n) reactions, respectively, and from the 35 Cl(n, γ) reaction made at the JRR-3M reactor. These radiation sources can serve as secondary standards for the efficiency calibrations.
The IAEA-CRP report had combined a large amount of data needed for the efficiency calibration of γ-ray detectors. This report implied, but did not explicitly show, that these data formed a consistent set. Through the type of analysis, it was explicitly demonstrated in this published work that the IAEA-CRP data (for the commonly used radioisotopes) supplemented by the data for 56 Mn, 110 Ag, 124 Sb, and 226 Ra, formed a consistent set. Moreover, the resulting efficiency curve, which ended at 2.754 MeV, could be reliably extended to 11 MeV using the γ rays from the decays of 56 Co and 66 Ga and from the 12 C(n, γ), 14 N(n, γ), and 35 Cl(n, γ) reactions, especially when these new results were considered. Because the I γ had been shown to form a consistent set, the creation of a reliable efficiency curve could be simplified. It was found that a curve generated using only 226 Ra, the 12 C(n, γ) reaction, and the 14 N(n, γ) reaction reproduced the 35 C1(n, γ) results nearly as well as the curve generated in a more exhaustive way.
JAPAN NUCLEAR CYCLE DEVELOPMENT INSTITUTE (JNC)
Neutron Capture Cross Section Measurement of Long-Lived Fission Products
Neutron cross sections of long-lived fission products (LLFP) are important for the study of nuclear transmutation of radioactive wastes. Those Cs are especially important because their half-lives are extremely long. However, their neutron cross-section data are very limited and the improvement of the data accuracy is an important issue. JNC started a new nuclear data measurement program in 2001 to supply a reliable neutron data cross section for LLFP from the thermal to the MeV energy region. The program includes the collaboration with ORNL. For the measurement of the resonance neutron capture cross sections, a pair of C 6 D 6 detectors are used in the ORELA facility at ORNL [9] .
The plan of LLFP neutron cross-section measurements is as follows: to measure the thermal neutron capture cross sections of LLFP, especially those of 79 Se, 93 Zr, and 107 Pd; to develop the prompt γ ray spectroscopic system, which is composed of two large Ge detectors surrounded by thick BGO anticoincidence shields. To measure the fast neutron capture cross sections, two independent spectrometers, a NaI and a pair of C 6 D 6 detectors, are used at two different TOF facilities at the TIT Pelletron and ORELA. The same LLFP samples are used for different experiments to make the crosscheck as simple as possible. The crosscheck plays an important role in improving the data accuracy.
The current status of the project is as follows: (i) Thermal-neutron capture γ-ray data of 99 
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Neutron Capture Cross Section Measurements on 13 C
Measurements of radiation widths of the resonances in cross sections of light nuclides are difficult to make and are rather sparse. The p-wave resonance in the neutron cross section of 13 C is of particular interest in that the existing value of its radiation width seemed to be wrong by a large factor. A remeasurement of the total radiation width was therefore undertaken through the determination of its components for the principal primary γ transitions [11] . The capture γ-ray measurements were made using a NaI(Tl) detector and time-of flight (TOF) technique at the TIT Pelletron facility while Dr. Raman was visiting Japan during the summer of 1986 and during the subsequent year under the USDOE/JAERI Cooperative Program in Nuclear Physics. The neutron source used for this experiment was the 7 Li(p,n) 7 Be reaction with a pulsed proton beam from 3.2 MV with a current of 10-13 µA under the condition of very small scattered neutron sensitivity and low background.
The partial radiation widths of three (two electric dipole and one electric quadrupole) primary γ transitions in 14 C, subsequent to neutron capture by the 153-keV, 2 + resonance in 13 C, were measured. The deduced total radiation width 0.215+0.084 (-0.035) eV was more than one order of magnitude smaller than the previously accepted value 2.4 ± 0.9 eV. In nucleosynthesis, this value also significantly affected the theoretical prediction for the production of A≥ 14 nuclei.
The total transition was dominated by an E1 transition with a partial width of 0.151+0.076 (-0.033) eV to the 6.09-MeV state in 14 C. A second E1 transition to the 6.73-MeV state had a width of 0.030+0.030 (-0.013) eV, while a third expected transition to the 7.34-MeV state was found to be so weak as to be unobservable in these measurements. There was also a surprisingly strong E2 transition to the 14 C ground state with a partial width of 0.034+0.0013 (-0.006) eV.
In this experiment, it was found that the E1 transitions can all be explained as simple neutron valence transitions, the model calculations agreeing with the measured values within experimental uncertainties. The E2 transition was much too strong, however, to be a strict neutron valence transition. It was probably too strong even to be attributed to a single-proton transition, unless the proton channel from this resonance has an exceptionally large reduced width.
OTHER INSTITUTIONS
Institute of Nuclear Study (The University of Tokyo)
Dr. Raman's first visit to Japan in 1973 was to the Institute of Nuclear Study (The University of Tokyo), which was one of the pioneer laboratories in nuclear physics in Japan and was closed in 1997. He was acquainted with many leading nuclear physicists there. He published the work concerning log ft systematics in 59 Fe decay [12] .
Research Center for Nuclear Physics (Osaka University)
The Research Center for Nuclear Physics is one of the laboratories that Dr. Raman visited frequently during his stay in Japan. In 1984 when they had the International Conference on Nuclear Spectroscopy, he presented the paper that showed for the first time the resonance studied by β decay and neutron capture. That result was interesting and resulted in great interest in neutrinos and astrophysics as well. By carrying out a detailed study of 87 Kr levels, it was shown that delayed neutron spectroscopy could be a viable method for studying individual levels and that a broad resonance-like structure was present in the β-strength distribution [13] .
SUMMARY
On behalf of all the Japanese scientists who were acquainted with Dr. Raman, I would like to express our sincere thanks to Dr. Raman for the great achievements in and contributions to the progress of nuclear data and nuclear physics in Japan.
